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Abstract---  In this paper a universal Power Interface for all the 

above discussed type of vehicles. Basically, the proposed 

converter interfaces the energy storage device of the Electric 

Vehicle with the motor drive and the external charger. The 

proposed converter is capable of operating in all directions in 

buck or boost modes with a non inverted output voltage (positive 

output voltage with respect to the input) and bidirectional power 

flow. In extension to the work the proposed Power Interface is 

Fed to a Induction Motor Drive and the performance is analyzed. 
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I.INTRODUCTION 

ELECTRIFICATION of the transportation industry is 

essential due to the improvements in higher fuel economy, 

better performance, and lower emissions [1]–[6].In vehicular 

applications, power electronic dc/dc converters require high 

power bidirectional flow capability with wide input range 

since the terminal voltage of energy storage devices varies 

with the state of charge (SoC) and load variations [7]. In the 

case of hybrid electric vehicle(HEV), a bidirectional dc/dc 

converter interfaces the energy storage device with the motor 

drive inverter of the traction machine; i.e., the converter is 

placed between the battery and the high-voltage dc bus. In 

acceleration or cruising mode, it should deliver power from 

the battery to the dc link, whereas in regenerative mode, it 

should deliver power from the dc link to the battery. In the 

case of an EV or plug-in hybrid electric vehicle (PHEV), 

while accomplishing the aforementioned task, the 

bidirectional dc/dc converter also interfaces the battery with 

the ac/dc converter during charging/discharging from/to grid 

[8]. Therefore, the bidirectional dc/dc converter should 

interface the battery with the charging converter, as 

well.Fig.1illustrates the role of the bidirectional dc/dc 

converter in the electrical power system of a plug-in electric 

vehicle [9]. 

 In grid-connected mode, the bidirectional dc/dc 

converter must have the capability to convert the output 

voltage of the ac/dc converter into a suitable voltage to 

recharge the batteries and vice versa when injecting power to 

the grid. In driving mode ,dc/dc converter should be able to 

regulate the dc link voltage for wide range of input voltages. 

In driving mode, usually the battery voltage is stepped-up 

during acceleration. DC link voltage is stepped-down during 

braking, where Vdc >Vbatt . However, if motor drive’s 

nominal voltage is less than battery’s nominal voltage, Vdc < 

Vbatt , the battery voltage should be stepped-down during 

acceleration and the dc link voltage should be stepped up 

during regenerative braking. In addition to these cases, in an 

HEV to PHEV conversion, the grid interface converter’s 

output voltage might be less or    more than the battery’s 

nominal voltage [10], depending on the grid’s Vac voltage and 

the grid interface converter’s topology. The rectified grid 

voltage should be stepped-up if Vrec < Vbatt in V2G charging 

mode or the battery voltage should be stepped-up for V2G 

discharging mode. If the rectified grid voltage is more than the 

battery’s nominal voltage, i.e., Vrec > Vbatt , the rectified 

voltage should be stepped-down in V2G charging mode and 

the battery voltage should be stepped-up in V2G discharging 

mode. 

 

 When all these possibilities are considered, the need 

for a universal bidirectional dc/dc converter is obvious which 

should be capable of operating in all- 

 

Fig. 1. Power electronic interfaces in an electric vehicle.   
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 directions with stepping-up and stepping-down functionalities 

Such a universal converter  would meet all the needs of the 

auto industry. The  proposed converter in this manuscript not 

only fulfills these conditions, but also can be utilized for 

retrofit conversion of conventional cars to HEVs as well as the 

HEV to PHEV conversions. It can be placed between the 

energy storage device and the high-voltage bus of the vehicle 

regardless of the nominal voltage  

 

Fig. 2. Proposed fully directional universal dc/dc converter. 

ratings of the battery, motor drive, and the grid interface 

converter inputs and outputs. Therefore, the proposed 

converter is called a fully directional converter. This paper is 

organized as follows. In Section II, the topological overview 

and the operation modes are presented. The analytical model 

of the converter and the control system development is given 

in Section III. Section IV focuses on the simulation and 

experimental results to evaluate an validate thev capabilities 

of the proposed converter. Finally, the conclusion remarks and 

future work are provided in Section V. 

 

II. SYSTEM DESCRIPTION AND OPERATING MODES 

 

 The circuit schematic of the proposed converter is 

depictedin Fig. 2. The converter has five power switches (T1-

5 ) with internal diodes and five power diodes (D1–D5 ), 

which are going to be properly combined to select buck and 

boost modes of operation. Here, Vdc represents the motor 

drive nominal input voltage during driving mode or the 

rectified ac voltage at the output of the grid interface converter 

during plug-in mode (also the input voltage of the grid 

interface converter to be inverted to ac). The nominal voltage 

of the vehicle’s ESS is represented by Vbatt .The proposed 

converter is capable of operating from Vdc  to Vbatt  boosting, 

Vdc to Vbatt bucking, Vbatt to Vdc boosting, or Vbatt to Vdc 

bucking, all with positive output voltage. In any of the four 

modes, only one of the power switches is operatedin pulse 

width modulation (PWM) mode, while all the others witches 

are completely ON or OFF. Therefore, the switching losses 

are not more than that of any conventional buck or boost 

converter. In addition, the proposed converter requires only 

onehigh-current inductor unlike some of the existing buck and 

boostconverter combinations or the cascaded configurations. 

 Conventional buck–boost converters can step-up or 

step down the input voltage. However, they are not capable of 

providing bidirectional power flow. Moreover, their output 

voltage is negative with respect to the input voltage, which 

needs an inverting transformer to make the output voltage 

positive [11].The non inverted operation capability of the 

proposed converter totally eliminates the need for an inverting 

transformer, which reduces the overall size and cost. Although 

there are some non inverted topologies [12]–[22], some of 

them require two or more switches being operated in PWM 

mode that causes higher total switching losses [12]–[14], 

[16]–[23]. 
 

                             
   TABLE I 

 OPERATION MODES OF THE PROPOSED CONVERTER 

 

Among these topologies, although they provide buck or boost 

operations, bidirectional power flow cannot be achieved in the 

topologies of [12], [16],[19], and [24]–[26]. The conventional 

two-quadrant bidirectional converters would operate buck 

mode in one direction andboost mode in the other direction; 

however, they cannot operate vice versa. They would not step-

up the voltage in the direction that they can step-down [15], 

[18], [27], [28]. Two cascaded two-quadrant bidirectional 

converters may achieve bidirectional power flow with bucking 

or boosting capabilities; however, they require more than one 

high-current inductor [13], [17]. In [18], although two 

switches and two inductors are used, only unidirectional 

bucking or boosting can be achieved. In the case of a dual-

active bridge dc/dc converter, all switches are operated in 

PWM mode; therefore, switching losses are four times higher 

in the half-bridge case or eight times higher in fullbridge case 

than that of the proposed converter. Dual-active bridge dc/dc 

converters [29]–[41] also require a transformer at the middle 

stage which would increase the overall losses, size,and cost 

[20]–[23]. In [20], two inductors are required in addition to 

the transformer, and in [21] the number of inductors is three. 

In [22], bidirectional power flow is possible with ten switches 

and two inductors. Although soft switching strategies can be 

considered for dual-active bridge dc/dc converters in orderto 

reduce the switching losses such as in [23], there should be 

eight power switches and eight power diodes with three 

inductors;therefore, a high number of components would not 

be economical. Moreover, having more than one switch 

operating in PWM mode would make the control system more 

complicated. However, in the proposed converter, the controls 

are as simple as the conventional buck or boost dc/dc 

converters in spite of all the competences. Finally, in [24], the 

proposed dc/dc converter requires two transformers with one 

being multi winded which complicates the structure, adds up 

to cost, and it does not have the bidirectional operating 
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capability. The operation capabilities of the proposed 

converter significantly increases the flexibility of the 

converter while offering abroad range of application areas in 

all HEV and PHEV applications as well as their conventional 

to HEV or HEV to PHEV conversions with add-on batteries 

regardless of the voltage ratings of the motor drive, battery, 

and the grid interface converter. The different operation 

modes of the converter, including the status of the 

corresponding switches in each mode and the 

direction of power flow, are mapped in Table I. T2 and T4 

serve as simple ON/OFF switches to connect or disconnect 

the corresponding current flow paths, whereas T1, T3 ,and T5 

are either ON/OFF or PWM switches with respect to the 

corresponding operating mode. Different cases and operating 

modes of the converter are detailed in following sections. 

 

 Fig. 3. Vdc -to-Vbatt boost mode of operation. 

 

 Fig. 4. Vbatt -to-Vdc buck mode of operation. 

A. Case 1: Vdc < Vbatt 

 

 If the rated dc link voltage is less than battery’s rated 

voltage ,the dc link voltage should be stepped-up during 

charging in grid connected mode and in regenerative braking 

during driving. Under the same voltage condition, the battery 

voltage should be stepped-down during plug-in discharging in 

grid-connected mode, and in acceleration or cruising during 

driving. 

. 

Mode 1) Vdc → Vbatt Boost Mode for Plug-in Charging 

and Regenerative Braking: 

  In this mode, T1 and T4 are kept ON, while T2 and 

T3 remain in the OFF state, as shown in Fig. 3. The PWM 

switching signals are applied to switch T5 Therefore, from 

Vdc to Vbatt , a boost converter is formed by D1, T1, L, T5,D4 

, and T4 . SinceD1 andD4 are forward-biased, they conduct; 

whereasD3 andD2 do not conduct. Since T5 is in PWM 

switching mode, when it is turned ON, the current from Vdc 

flows throughD1, T1, L, and T5 while energizing the 

inductor.When T5 is OFF, both the source and the inductor 

currents flow to the battery side through D4 and T4 . 

 During this mode, Vdc and Vbatt sequentially 

become the input and output voltages. Since the inductor 

current is a state variable of this converter, it is controllable. 

Therefore, the charging power delivered to the battery in plug-

in mode or high-voltage bus current in regenerative braking 

can be controlled. 

 

Mode 2) Vbatt → Vdc Buck Mode for Plug-in Discharging 

and Acceleration:  

 

 The circuit schematic of this operation mode is 

provided in Fig. 4. In this mode, T1, T4 , and T5 remain OFF, 

while T2 is kept in ON state all the time. The PWM switching 

signals are applied to switch T3 .Therefore, from Vbatt to Vdc, 

a buck converter is formed by T3,D3,D5, L, T2 , and D2 . 

When T3 is turned ON, the current from the battery passes 

through T3,D3, L, T2 ,and D2while energizing the inductor. 

When T3 is OFF, the output current is freewheeled through 

the D5, T2 ,and D2 ,decreasing the average current transferred 

to the load 

 

Fig. 5. Vdc -to-Vbatt buck mode of operation. 

side. D3 and D2 are forward-biased, whereas D1 and D4 do 

not conduct. D5 only conducts when T3 is OFF.In this mode, 

Vbatt and Vdc are the input and output voltages, respectively. 

During stepping-down the battery voltage whiledelivering 

power from battery to the dc link, the inductor isat the output 

and its current is a state variable. Therefore, the dc link 

voltage and the current delivered to the dc link can be 

controlled in driving mode. 
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B. Case 2: Vdc > Vbatt 

 

 If the rated dc link voltage is more than the battery’s 

rated voltage, dc link voltage should be stepped-down during 

chargingin grid-connected mode and in regenerative braking 

while the vehicle is being driven. Under the same voltage 

condition, thebattery voltage should be stepped-up during 

plug-in discharging in grid-connected mode and in 

acceleration or cruising while driving. 

 

Mode 3) Vdc → Vbatt Buck Mode for Plug-in Charging and 

Regenerative Braking: 

  In this mode, T1 is in the PWM switching mode. 

Switches T2, T3 , and T5 remain in OFF state while T4 is kept 

ON all the time. Therefore, from Vdc to Vbatt , a buck 

converter is made up by D1, T1,D5, L,D4 , and T4 as shownin 

Fig. 5. When T1 is turned ON, the current from Vdc passes 

through D1, T1, L,D4 , and T4 while energizing the 

inductor.When T1 is OFF, the output current is recovered by 

freewheeling diode D5 decreasing the average current 

transferred from dc link to the battery. Since diodes D1 and 

D4 are forward biased, they conduct whereas D2 and D3 do 

not conduct. D5 only conducts when T1 is OFF.In this mode, 

Vdc and Vbatt are the input and output voltages, respectively. 

The dc link voltage can be regulated in driving mode 

(regenerative braking) by controlling the current transferredto 

the battery. In plug-in charging mode, the current or power 

delivered to the battery is also controllable. 

 

Mode 4) Vbatt → Vdc Boost Mode for Plug-in Discharging 

and Acceleration:  

 During this mode, T1 and T4 remain OFF, whereas 

T2 and T3 remain ON all the time. Switch T5 is operated in 

PWM switching mode. Therefore, from Vbatt to Vdc, a boost 

converter is formed by T3,D3, L, T5, T2 , and D2  as 

illustrated  in Fig. 6.When T5 is turned ON, the current from 

Vbatt passes throughT3,D3, L, and T5 while energizing the 

inductor. When T5 is OFF, both inductor and the source 

currents pass through T2 and D2 to the dc link. In this mode, 

D3 and D2 are forward-biased and they conduct, whereas 

 

 

Fig. 6. Vbatt -to-Vdc boost mode of operation. 

Fig. 7. 
State-space model of the simplified converter in boost mode. 

 

Fig. 8. State-space model of the simplified converter in buck mode. 

D1,D4 , and D5 are reverse-based and do not conduct. In this 

mode, Vbatt and Vdc are sequentially the input and output 

voltages. The dc link voltage can be regulated in driving mode 

(regenerative braking) by controlling the current drawn from 

the battery. In plug-in charging mode, the current or power 

drawn from battery is also controllable. 

 

III. CONTROL SYSTEMS 

 

 For the control system of the proposed topology, an 

all electric range focused operating strategy has been 

considered [25]. As described in Section II and shown in Figs. 

3–6, all operation modes of the proposed converter are 

combinations of buck and boost operations with different 

configurations and input/output voltages, as expressed in 

Table I. Therefore, simplified state-space averaged large-

signal transfer functions of the buck or boost modes of 

operations can be derived. The state space block diagrams for 

the boost and buck modes of operations 

of the proposed converter are shown in Figs. 7 and 8.Two 

different controllers are incorporated for the proposed system: 

one employed in plug-in charging/discharging and the other is 

for acceleration/deceleration during driving. In plug-in 

 

Fig. 9. DC/DC converter charge/discharge power controller. 
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Fig. 10. DC/DC converter’s cascaded controller for driving mode. 

TABLE II 

EXPERIMENTAL CONDITIONS AND CIRCUIT PARAMETERS 
 

 
 

 
 

mode, generally, it is desired to control the charging or 

discharging power of the battery, whereas in driving mode it 

is important to provide a regulated dc link voltage to the 

motor drive. Therefore, a power controller is used for plug-in 

modes and a double-loop voltage and current controller is 

employed for acceleration/braking modes of the driving. The 

battery power controller, shown in Fig. 9, allows the reference 

charge or discharge power to/from the battery to be tracked 

This reference power can be determined based on the SoC of 

the battery, user requirements, and the state of the grid. The 

cascaded voltage and current controller, shown in Fig. 10, 

allows the high-voltage bus to be kept at the proper voltage 

while also accommodating the power demanded or supplied 

by the dc link. This enables regenerative recharging of the 

battery from the dc link and discharging of the battery to the 

dc link, while maintaining the proper dc link voltage level for 

the hybrid vehicle. 

 

IV. EXPERIMENTAL SETUP, RESULTS, AND 

DISCUSSIONS 

 

 The details of the experimental setup of the proposed 

converter are provided in Table II. Since the proposed 

topology is new and has not been built or tested before, it is 

more appropriate to build the small-scale prototypes rather 

than the full-scale high power converters. Moreover, due to 

the safety purposes and to protect the students and the 

laboratory equipment, a smaller scale prototype with lower 

voltage rating is preferred to serve as a proof of principle. 

  For the experimental tests, in each mode, voltage 

 is applied to one terminal, representing the charging voltage 

or regenerative braking while output is a load, representing the 

battery charging load or regenerative braking power of the 

motor drive. In the other mode, battery is the source while the 

dc link is thload,representing the plug-in discharging or 

acceleration mode. 

 

A. Case 1. Mode I: Vdc → Vbatt Boost 

 

The experimental results for this mode of operation are 

presentedin Fig. 12 where channel 1 is Vdc, channel 2 is Vbatt 

,channel 3 is input current before the capacitor, and channel 4 

isthe switching signal of switch T5 . As shown in Fig. 12, 24-

V Vdc voltage is boosted to slightly more than the 42 V, 

battery rated voltage Vbatt .  

 

 
Fig. 12. Experimental results for Vdc -to-Vbatt boost mode. 

 

 
 

Fig. 13. Experimental results for Vbatt -to-Vdc buck mode. 

 

B. Case 1. Mode 2: Vbatt → Vdc Buck 

 

The experimental results for this mode of operation are 

presentedin Fig. 13, where channel 1 is Vdc, channel 2 is Vbatt 

, channel 3 is output current after the capacitor, and channel 

4is the switching signal of switch T3 . The input voltage Vbatt 

International Journal of Advanced and Innovative Research (2278-7844) / # 223 / Volume 3 Issue 9

    © 2014 IJAIR. All Rights Reserved                                                                                           223



is stepped-down to about 24 V (Vdc terminals), as shown in 

Fig. 13. 

 

C. Case 2, Mode 3: Vdc → Vbatt Buck 

 

 The experimental results for this mode of operation 

are presented in Fig. 14 where channel 1 is Vdc, channel 2 is 

Vbatt , channel 3 is output current after the capacitor, and 

channel 4 is the switching signals of the switch T1 . From Fig. 

14, it is seen that the input voltage of Vdc is stepped down to 

24 V of the battery terminal voltage. 

 

D. Case 2, Mode 4: Vbatt → Vdc Boost 

 

The experimental results for this mode of operation are 

presented in Fig. 15, where channel 1 is Vdc, channel 2 is 

Vbatt , 

 

Fig. 14. Experimental results for Vdc -to-Vbatt buck mode. 

 

Fig. 15. Experimental results for Vbatt -to-Vdc boost mode. 

channel 3 is input current before the capacitor, and channel 4 

isthe switching signal of switch T5 . It can be seen from Fig. 

15 that the modified converter is capable of boosting the 24 V 

of Vbatt voltage to about 42 V of Vdc output voltage. 

The capacitors at the input and output of the converter, 

Cdc = Cbatt = 2200 μF, possess a portion of energy stored at 

the input and output of the converter; therefore, the input or 

output currents of the proposed topology are not necessarily 

equal to the inductor current. For boost modes of operation, 

the input currents and for the buck modes of operations the 

output currents are presented in the results. 

 In order to present the long-term performance of the 

proposed converter over a drive cycle and to show the 

capability of switching between the modes for each of the 

cases, simulations were performed in addition to the 

experiments. For the simulations, a portion of Urban 

Dynamometer Driving Schedule drive cycle has been 

implemented that includes driving conditions such as 

acceleration, braking, and idling. In order to make an accurate 

analysis, the simulations were also down scaled assuming a 

rated dc link voltage of 24 V and rated battery voltage of 

 

 
Fig. 16. Simulation results for Case 1, Modes 1 and 2. (a) Load current 

andswitching between respective modes. (b) Switches in PWM mode with 

respect to the operating mode. (c) Regulated load bus voltage. 
 

42 V for Case 1, and assuming a rated load bus voltage of 42 

Vand  rated battery voltage of 24 V for Case 2, respectively. 

The load demand of the drive cycle is also scaled-down, 

keeping the same load demand profile. Simulation results for 

Case 1 are presented in Fig. 16. In Fig. 16(a), the load current 
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that corresponds to the load demand of the drive cycle is 

presented. When the load demand is positive (Mode 2), the 

vehicle is accelerating and battery power should be delivered 

to the dc link. Since Vdc < Vbatt , battery voltage should be 

stepped-down in this situation. When the load demand is 

negative (Mode 1), motor drive delivers power from the 

traction machine to the dc link. Therefore, power should be 

recovered from the dc link to the battery by stepping-up the dc 

link voltage and supplying the braking energy to the battery. 

The switches receiving PWM signals are mapped in Fig. 16(b) 

with respect to the operation mode. Finally, regulated dc link 

voltage at 42 V is presented in Fig. 16(c). 

  

 Simulation results for Case 2 are presented in Fig. 17 

under the same load conditions. In Fig. 17(a), the load current 

thatcorresponds to the load demand of the drive cycle is 

presented. When the load demand is  Positive (Mode 4), the 

vehicle is accelerating and battery power should be delivered 

to the dc link. Since Vdc <Vbatt , the battery voltage is 

boosted in this situation. When the load demand is negative 

(Mode 3), the vehicle is being braked and the motor drive 

delivers power from traction machine to the dc link. 

Therefore, power should be recovered from the dc link to the 

battery by stepping-down the dc link. 

 

Fig. 17. Simulation results for Case 2, Modes 2 and 3. (a) Load current and 
switching between respective modes. (b) Switches in PWM mode with respect 

to the operating mode. (c) Regulated load bus voltage 

 

 The switches receiving PWM signals are mapped in 

Fig. 17(b)with respect to the mode of operation. Finally, 

regulated dc link voltage at 24 V is presented in Fig. 17(c). In 

both Figs. 16 and 17, converter switches from buck to boost or 

boost to buck modes of operation as the load current changes 

its direction. In all cases, converter performs well and the dc 

link voltage is not affected by these changes as it is regulated 

continuously. The transition from acceleration to/from 

regenerative braking does not affect the converter’s stability 

as well. 

 

V. EXTENSION 

 

 Basically, the proposed converter interfaces the 

energy storage device of the vehicle with the motor drive and 

the external charger, in case of PHEVs. The proposed 
converter is capable of operating in all directions in buck or 

boost modes with a non inverted output voltage (positive 

output voltage with respect to the input) and bidirectional 

power flow. In extension to the work the proposed Power 

Interface is Fed to a Induction Motor Drive and the 

performance is analyzed. 

The following figures 18,19,20 are simulation results for 

Induction Motor Drive. 

 

Fig: 18 shows the stator current. 

 

Fig: 19: shows the rotor speed. 
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Fig: 4.5: shows the Electromagnetic torque. 

VI.CONCLUSION 

This study presents a novel dc/dc converter structure that is 

suitable for both industrial needs and the retrofit electric and 

vehicle conversion approaches for all EV, HEV, PHEVs 

regardless of their rated dc link voltage and motor drive 

inverter voltage as well as the battery nominal voltage. The 

functionalities of the proposed converter provide a broad 

range of application areas. Due to the operational capabilities, 

the proposed converter is one of a kind plug-and-play 

universal dc/dc converter that is suitable for all electric vehicle 

applications. The proposed topology is suitable not only for 

conversion approaches but also is a good candidate to reduce 

the number of dc/dc converters from two to one in 

commercially available vehicles such as Toyota Prius., the 

functionalities for two different cases with four different 

modes have been verified. In each case, bidirectional power 

flow is provided with fully directional bucking and boosting 

capabilities. 
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